The photoproduction of D * ± (2010) mesons associated with a leading neutron has been observed with the ZEUS detector in ep collisions at HERA using an integrated luminosity of 80 pb −1 . The neutron carries a large fraction, x L > 0.2, of the incoming proton beam energy and is detected at very small production angles, θ n < 0.8 mrad, an indication of peripheral scattering. The D * meson is centrally produced with pseudorapidity |η| < 1.5, and has a transverse momentum p T > 1.9 GeV, which is large compared to the average transverse momentum of the neutron of 0.22 GeV. The ratio of neutron-tagged to inclusive D * production is 8.85 ± 0.93(stat.)
Introduction
Events containing a leading neutron have been studied in ep collisions at HERA [1] [2] [3] [4] . The neutrons carry a large fraction of the incoming proton beam energy, x L > 0.2, and are produced at very small scattering angles, θ n < 0.8 mrad, indicative of a peripheral process.
The small transverse momenta (p T ) which characterize leading baryon production processes imply a soft scale, which means that a non-perturbative approach is required to model such events. Particle-exchange models within Regge theory [5] , in particular the one-pion-exchange model (OPE) [6] [7] [8] , are often applied to describe leading neutron production. Charm production, in contrast, can be used to investigate parton dynamics because the charm-quark mass provides the hard scale necessary to ensure the applicability of perturbative Quantum Chromodynamics (pQCD). Therefore the study of charm production in events with a leading neutron gives information on the interplay between soft and hard scales.
This letter presents measurements of D * ± photoproduction associated with a leading neutron. Differential cross sections and ratios to inclusive D * ± photoproduction are reported. These results extend previous ZEUS studies [1, 3, 4] of leading-neutron production in dijet and inclusive photoproduction and deep inelastic scattering.
Charm and neutron production
An important process in charm photoproduction is Boson-Gluon Fusion (BGF). At leading order this corresponds to the direct component where the photon couples directly to a high-transverse-momentum cc pair which interacts with a gluon from the proton. Another contribution to the cross section comes from the resolved component, where the photon acts as a source of partons, interacting with the proton mostly via charm excitation processes, cq → cq and cg → cg [9] .
The mechanism for leading neutron production is not well understood. In the following subsections some models for neutron production are briefly discussed.
Fragmentation models
In fragmentation models of partons into hadrons, such as the cluster model [10] or the Lund string model [11] , a certain fraction of neutrons is expected in the final state. In this case the leading neutrons are produced by fragmentation of the proton remnant using 1 the same mechanism as is used for the other final state hadrons. Such models predict a softer x L distribution than that measured [1] [2] [3] [4] .
One-pion-exchange model
Previous studies have shown that particle-exchange models [6] [7] [8] [12] [13] [14] [15] describe data on leading neutron production both at HERA [1] [2] [3] [4] and at hadroproduction experiments [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . In such models the transition amplitude for p → n is dominated by OPE and the electroproduction cross section can be written as the convolution of a function describing the splitting of a proton into a πn system, i.e. the pion flux factor f π/p (x L , t), and the eπ cross section:
where t is the squared four-momentum transfer at the proton vertex, s
is the squared center-of-mass energy of the eπ system and s is that of the ep.
The flux factors found in the literature can be expressed in general as [8, 15] 
where g 2 pπp /(4π) ∼ 14.5 is the pπp coupling constant, m π is the pion mass and α(t) is defined below. The form-factor F (x L , t) accounts for the finite size of the nucleon and pion. Examples of flux factor parametrizations are:
where R = 0.6 GeV −1 and F (x L , t) is the light-cone form factor.
• f 2 [8] :
where α π (t) ≃ t (with t in GeV 2 ) is the Regge trajectory of the pion.
• f 3 [27] :
where b = 0.3 GeV −2 and F (x L , t) is the exponential form factor ;
• f 4 [28] :
where Λ = 0.25 GeV and F (x L , t) is the monopole form factor.
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The term σ eπ in Eq. (1) involve the parton distribution in the pion. Charm production in association with a leading neutron is potentially sensitive to the gluon content of the pion in OPE models via the BGF process. Parametrizations for the pionic parton distribution function (PDF) available in the literature were obtained by performing fits to πN scattering data, assuming some parametrization for the nucleon structure function. Examples of such parametrizations are those by Owens [29] which come from fits on J/Ψ and dimuon production data. The more recent GRV parametrizations [30] assume a valence-like structure for the pion at a certain low scale. This distribution is dynamically evolved and the results combined with the constraints imposed by prompt photon production data on the pionic gluon density.
Rescattering effects
From the factorization hypothesis expressed in Eq. (1), it is expected that the ratios, r, of neutron-tagged to inclusive cross sections for different electroproduction processes are about the same. Most of the dependence of the cross sections on the kinematics of the processes cancels; remaining differences can be attributed to differences between the pion and proton energies and their PDFs. However, larger differences than these may arise from neutron absorption, which can occur through rescattering of the neutron on the exchanged photon [14, 31] . With increasing size of the virtual photon more rescattering may be expected.
Inclusive photoproduction cross sections are well described by vector meson dominance models [32] [33] [34] , where the dipole associated with the photon is of hadronic size. In dijet photoproduction, the presence of the hard scale given by the transverse energy of the jets implies smaller dipole size. In the infinite-momentum frame the smaller dipole size corresponds to the enhancement of the direct photon component at high transverse energy E T . Such an enhancement has been observed at HERA [35] . Absorptive effects in dijet photoproduction, therefore, are expected to be smaller than those in inclusive photoproduction. In the case of charm photoproduction, an additional hard scale is provided by the mass of the charm quark. Previous ZEUS measurements have shown that requiring the presence of charm further suppresses the resolved component [36] compared to inclusive dijet photoproduction. Therefore rescattering in D * photoproduction may be further suppressed in comparison to dijet photoproduction. In deep inelastic scattering (DIS), at sufficiently high photon virtuality, little rescattering should occur. Within such a picture, therefore, the ratios are expected to have the following relationship:
Experimental conditions
The integrated luminosity of 80.2 ± 1.8 pb −1 used for this measurement was collected at the ep collider HERA with the ZEUS detector during 1998 -2000, when HERA collided 27.5 GeV electrons or positrons 1 with 920 GeV protons, giving a center-of-mass energy of 318 GeV.
A detailed description of the ZEUS detector can be found elsewhere [37] . A brief outline of the components that are most relevant for this analysis is given below. Charged particles are tracked in the central tracking detector (CTD) [38] , which operates in a magnetic field of 1.43 T provided by a thin superconducting solenoid. The central tracking detector consists of 72 cylindrical drift chamber layers, organized in nine superlayers covering the polar-angle 2 region 15
The high-resolution uranium-scintillator calorimeter (CAL) [39] consists of three parts: the forward, the barrel and the rear calorimeters. Each part is subdivided transversely into towers and longitudinally into one electromagnetic section and either one (in rear) or two (in barrel and forward) hadronic sections. The smallest subdivision of the calorimeter is called a cell. The calorimeter energy resolutions, as measured under test-beam conditions, are σ(E)/E = 0.18/ √ E for electrons and σ(E)/E = 0.35/ √ E for hadrons, with E in GeV.
The forward neutron calorimeter (FNC) [40, 41] was installed in the HERA tunnel at θ = 0 degrees and at Z = 106 m from the interaction point in the proton-beam direction. It is a lead-scintillator calorimeter which is segmented longitudinally into a front section, seven interaction lengths deep, and a rear section, three interaction lengths deep. The front section is divided vertically into 14 towers, allowing the separation of electromagnetic and hadronic showers from the energy-weighted vertical width of the showers. The energy resolution for neutrons, as measured in a beam test, is σ(E n )/E n = 0.65/ √ E n , with neutron energy, E n , in GeV. Three planes of veto counters are used to reject events in which particles had interacted with the inactive material in front of the FNC. Magnet apertures limit the FNC acceptance to neutrons with production angles less than 0.8 mrad, which corresponds to transverse momenta p T ≤ E n θ max = 0.74x L GeV. The mean value of p T for the data is 0.22 GeV.
The luminosity was determined from the rate of the bremsstrahlung process ep → eγp, 1 Hereafter, both e + and e − are referred to as electrons. 2 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the proton beam direction, referred to as the "forward direction", and the X axis pointing left towards the center of HERA. The coordinate origin is at the nominal interaction point.
where the photon was measured with a lead-scintillator calorimeter [42, 43] located at Z = −107 m.
Kinematics
The kinematics of photoproduction at HERA are specified by the photon virtuality, Q 2 , and the photon-proton center-of-mass energy, W . The electron-proton center-of-mass energy, √ s, is related to W by W 2 = ys where y is the fraction of the electron beam energy carried by the photon in the proton rest frame.
To describe the process ep → e ′ D * ± nX, four additional variables are used: two for the neutron and two for the charmed meson. They are:
• (x L ,θ n ), the fractional energy and production angle of the produced neutron; only about half of the data have a θ n measurement, therefore all results discussed here are integrated over this variable up to the maximum accepted angle of 0.8 mrad;
• (p T ,η), the transverse momentum and pseudorapidity of the produced D * ± meson.
The measurement was performed in the following kinematic region:
GeV, x L > 0.2 and θ n < 0.8 mrad.
5 Event Selection
Trigger
A three-level trigger system was used to select events online [37, 44] . The selection was based on energy deposits, tracking and event timing. The FNC was not used in the trigger.
Photoproduction selection
Photoproduction events were selected offline using cuts based on the reconstructed primary vertex position, CAL energy deposits and the reconstructed tracks of charged particles. Events with a well-identified electron candidate in the CAL were removed. It was required that i (E i −p Z,i ) > 7 GeV, where the sum runs over all CAL cells and p Z,i is the Z component of the momentum vector assigned to each cell of energy E i . Tracking and CAL information was combined to form energy flow objects (EFOs) [45, 46] . A cut was made on the Jacquet-Blondel [47] estimator of W 2 , W and E Z,i = E i cos θ i ; E i is the energy of EFO i with polar angle θ i with respect to the measured Z-vertex of the event. The sum runs over all EFOs. It was required that W JB < 265 GeV. These cuts correspond to a true W range of 130 < W < 280 GeV and Q 2 < 1 GeV 2 with the median Q 2 ≈ 10 −3 GeV 2 .
D * ± (2010) reconstruction
The inclusive charm sample was selected by identifying events containing a charmed meson. The D * ± selection cuts are based on the decay channel:
(+ charge conjugate), where π s indicates the "slow" pion [48] . Only tracks assigned to the primary event vertex and with hits in at least three superlayers of the CTD were considered. The combinatorial background was reduced and the kinematic phase space defined by requiring: the transverse momentum of the kaon and pion candidates to satisfy
GeV and p T (π s ) > 0.12 GeV; the transverse momentum of the D * ± to be greater than 1.9 GeV and the pseudorapidity of the D * ± to satisfy |η(D * ± )| < 1.5.
Since no particle identification was performed, the K and π masses were alternately attributed to the decay products of the candidate D 0 meson. Those D 0 candidates that had an invariant mass between 1.80 and 1.92 GeV were required to have a mass difference ∆M = M(Kππ s ) − M(Kπ) between 0.1435 and 0.1475 GeV. The combinatorial background was estimated from the mass-difference distribution for wrong-charge combinations, in which both tracks forming the D 0 candidates have the same charge and the third track has the opposite charge.
Neutron reconstruction
Events with a leading neutron were selected from the inclusive charm sample by requiring a large energy deposit (E n > 184 GeV) in the FNC. Protons, photons, and neutrons are separated by their position in the detector, as well as by the shower width. Scattered protons are deflected by the HERA magnets and strike the top part of the FNC. Photons can be identified and removed from the sample because the transverse spread of electromagnetic showers is much less than that of hadronic showers.
Events with particles that started to shower before reaching the FNC were removed by requiring that the scintillator veto counter had an energy deposit below that of a minimumionizing particle. Events with wide showers, inconsistent with originating from a single high-energy hadron, were removed. 6 
Final event sample
The ∆M distribution for the neutron-tagged sample is shown in Fig. 1 , along with the wrong-charge combinations. A prominent D * ± signal is observed. The signal observed in the M(Kπ) distribution for events within the mass window 0.1435 < ∆M < 0.1475 GeV is shown as an inset.
After the wrong-charge background subtraction, 298 ± 31 D * ± mesons were found. The same background subtraction procedure, applied to the inclusive D * ± sample, gave 14 743 ± 253 events.
Monte Carlo simulation and acceptance corrections
A Geant-based [49] Monte Carlo (MC) simulation was used to calculate selection efficiencies and correction factors for the charmed meson. Three different event generators were used: Rapgap 2.08/06 [50] for evaluating the nominal corrections, Herwig 6.301 [51] and Pythia 6.156 [52] as systematic checks. Rapgap and Pythia use the Lund string model for hadronization. Herwig uses a cluster model. The events generated with Rapgap for acceptance calculations were produced using OPE for the production of the leading neutron, with the pion flux factor from Eqs. (2) and (3) and the GRV parametrization [30] for the pion PDF. Inclusive Rapgap, employing the Lund string model instead of OPE for neutron production, was produced for comparisons to the final measurements. The leading neutron is also produced via the Lund string model in Pythia. In Herwig, it is produced via the cluster model. The proton PDFs parametrizations used were CTEQ5L [53] for Pythia and Herwig, and CTEQ4D [54] for inclusive Rapgap. The photon PDF GRV-G LO [55] was used in Pythia and Herwig, and GRS LO [56] in Rapgap. The mass of the charm quark was set to 1.5 GeV. The fraction of c quarks hadronizing to a D * meson was set to f (c → D * ) = 0.235 [57] . Both direct and resolved photon processes for charm production were generated, in proportion to their predicted cross sections. Effects of neutron rescattering were not taken into account in the simulation.
For all the MC samples used to evaluate the acceptances, events with at least one D * ± decaying in the appropriate decay channel were selected and passed through the ZEUS detector and trigger simulations as well as the event-reconstruction package.
Since the D * and neutron were independently detected and their kinematics largely uncorrelated, the acceptances for the two particles factorize. The selection efficiencies and correction factors for the neutron calculated for previous analyses [4] were used. The overall acceptance of the FNC, which includes the beam-line geometry and the angular distribution of the neutrons, is about 25% for neutrons with x L > 0.2 and θ n < 0.8 mrad.
The differential cross section for D * ± photoproduction associated with a leading neutron was evaluated in terms of a given variable Y as dσ/dY = N/(A FNC · A D * · B · ∆Y ) where N is the number of D * found in the final sample in a bin of size ∆Y , A FNC is the acceptance for the neutron detection in the FNC, A D * is the acceptance for the D * reconstruction and B is the branching ratio for the selected decay mode. A value of B = 2.57% [58] was used.
Systematic uncertainties
For the D * ± measurement the major sources of systematic uncertainty are listed below (the relative uncertainty on D * ± acceptance is shown in parentheses):
• the selection of photoproduction events and D * ± candidates. Variations were made in the W JB (+4.5 %) and Z-vertex ( • the MC model dependence. Herwig (−4.8 %) and Pythia (+2 %) were used instead of Rapgap;
• the fraction of resolved photon events in the MC was lowered by 20% and raised by 10 % (
• the CAL energy scale. This was varied within its uncertainty of ±3% (±0.9 %).
An extensive discussion of the systematic effects related to the neutron measurement is given elsewhere [4] . Here, the major sources of systematic uncertainty and their effect on the FNC acceptance (shown in parentheses) is listed:
• the uncertainty in the angular distribution of the neutrons (±4% for x L < 0.82, ±7% for x L > 0.82);
• the uncertainty in the overall FNC energy scale of ±2% (less than 4% effect for x L < 0.82,
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−16 % for x L > 0.82 ); • the normalization uncertainty arising from proton-beam-gas interactions overlapping with photoproduction events, the uncertainty in the amount of dead material in the beam line, and the uncertainties from the veto cuts (±5%).
All above errors were added in quadrature separately for the positive and negative variations to determine the overall systematic uncertainty. The overall normalization has additional uncertainties of 2.2% due to the luminosity measurement and 2.5% due to the knowledge of branching ratios.
Sources of systematic uncertainty in the ratio measurement were studied in a similar manner to those for the cross-section measurements. There is a cancellation between the common systematic uncertainties originating from the selection of inclusive photoproduction events, the selection of D * ± candidates and the background estimation. The remaining contributions are those from the model dependence of the acceptance corrections used in the evaluation of the inclusive D * ± photoproduction cross sections and from the neutron measurement uncertainties.
Results
The integrated cross section for the reaction ep → e ′ D * ± nX in the kinematic region
GeV, x L > 0.2 and θ n < 0.8 mrad is 2.08 ± 0.22(stat.)
where the final uncertainty arises from the uncertainty of the branching ratios for the D * and D 0 . The luminosity uncertainty was included in the systematic uncertainty. The predicted cross sections from the models are 3.0 nb for Herwig, 4.6 nb for Pythia, 2.6 nb for inclusive Rapgap and 2.0 nb for Rapgap with OPE. Table 1 and Fig. 2 show the differential cross sections for neutron-tagged D * ± production as a function of W , p T (D * ) and η(D * ). The differential cross section as a function of x L is shown in Table 1 and Fig. 3 .
The inclusive D * ± cross section was measured and found to agree with previous measurements [36] in a similar kinematic range. Table 2 and Fig. 4 show the measured ratios of neutron-tagged to inclusive D * ± production as a function of different kinematic variables. Over the whole measured kinematic range the ratio is 
Discussion
The experimental results in Figs. 2 and 3a are compared to the predictions, normalized to the data, of the MC models Rapgap with OPE for leading-neutron production, Herwig, Pythia and inclusive Rapgap. In Fig. 2 , the agreement in shape between data and MC models is satisfactory in all cases. Fig. 3a , however, shows that only Rapgap with OPE agrees with the measured neutron energy distribution seen in the data. A similar result was obtained in the study of neutron-tagged dijet photoproduction [3] .
In principle the data allow the pion PDF to be probed in the range of the parton fractional momenta 10 −3 < x π < 10 −2 . Figure 3b shows the differential cross section in x L compared to the predicted cross sections from Rapgap with OPE, based on different parametrizations for the pion structure function: GRV set 1 and Owens sets 1 and 2. The data have little sensitivity, as in the case of neutron-tagged dijet photoproduction [3] , to the choice of the pion structure function. Even with an extreme choice of a pion structure function, e.g. a completely flat gluon distribution, or a parametrization identical to the proton structure function, little variation is seen in the predictions. Figure 3c shows the data compared to the predictions of Rapgap with OPE for the four flux factors discussed in Section 2.2. All Rapgap distributions are normalized to the data and the resulting normalization factors are given in the figure. Fluxes f 1 and f 3 give similar results, being compatible with the data both in shape and normalization. The fluxes f 2 and f 4 are disfavored by the shape of the data, and the latter predicts cross sections almost three times smaller than data.
The independence of r D * on W , p T (D * ) and η(D * ), shown in Fig. 4 , supports the hypothesis of vertex factorization, in agreement with previous studies of leading-neutron production [1, 3, 4] . The predicted ratios from the models are: 0.24 for Herwig, 0.29 for Pythia, and 0.18 for Rapgap.
The ratio for charm production, r D * , is in agreement with the analogous ratio previously measured for neutron-tagged DIS, For photoproduced dijets the neutron-tagged to inclusive ratio has only been measured for x L > 0.49. In this kinematic region, the measured D * ± ratio and their corresponding ratios previously measured for DIS, inclusive photoproduction [4] , and photoproduction of dijets with transverse energy E jet T > 6 GeV [3] are:
The results are compatible with the rescattering hypothesis described in Section 2.3.
Summary
The photoproduction of D * ± mesons associated with a leading neutron has been studied in ep interactions at HERA in the kinematic region 
